Abstract The present study aims to focus the photocatalytic reduction of carbon dioxide (CO 2 ) into methanol on TiO 2 loaded copper ferrite (CuFe 2 O 4 ) photocatalyst under visible light (500 W xenon lamp) irradiation. In this perspective, CuFe 2 O 4 and CuFe 2 O 4 /TiO 2 photocatalysts were synthesized following the sol-gel method from copper(II) nitrate, Cu(NO 3 ) 2 Á3H 2 O (99 %) and iron(III) nitrate, Fe(NO 3 ) 3-9H 2 O (99 %) as precursors. The phases and crystallite size of the photocatalysts were characterized by X-ray diffraction (XRD), morphology by scanning electron microscopy (SEM), absorption spectrum by ultraviolet-visible spectroscopy (UVVis), electron-hole (e -/h ? ) recombination process by photoluminescence spectrophotometer, and elemental compositions by energy dispersive X-ray spectroscopy (EDX) instruments. The loading of TiO 2 on CuFe 2 O 4 enhanced the photocatalytic activity in the visible light range. The enhanced photoactivity in CuFe 2 O 4 /TiO 2 semiconductor catalyst can be attributed to interfacial transfer of photogenerated charges, which led to effective charge separation and inhibited the recombination of photogenerated electron-hole (e -/h ? ) pairs. Methanol was observed as the main product over CuFe 2 O 4 /TiO 2 and the photocatalytic activity of CuFe 2 O 4 /TiO 2 for CO 2 reduction was found to be about three times higher (651 lmol/g cat L) than that of CuFe 2 O 4 photocatalyst which might be due to the modification of band gap through TiO 2 loading.
Introduction
Dependency on the fossil fuels and rapid industrialization and urbanization cause greenhouse gas (CO 2 ) emission inevitable, resulting in global warming, which is a threat to the next generation [1] [2] [3] . CO 2 is the main contributor to greenhouse effects, and, therefore, in long term, climate change awareness is strongly focused on reducing anthropogenic CO 2 release into the atmosphere. Therefore, particular efforts are devoted to limit emissions from both existing thermal power plants and those that will be built to cope with future world's population needs on electricity [4, 5] . Industrial processes aim at reducing CO 2 emissions from combustion power plants target pre-combustion capture (experimental phase). Several methods have been explored to reduce CO 2 in the past, such as CO 2 reduction into useful hydrocarbons and H 2 evaluation [6] [7] [8] [9] . The photocatalytic reduction of CO 2 into methanol under visible light irradiation has been studying in the past decades, because it transforms CO 2 to useful hydrocarbon resources [10] [11] [12] . To date, CO 2 reduction through photocatalytic processes is a vital issue in the expansion of photocatalytic technologies based on carbon neutral cycle [13, 14] .
The development of efficient photocatalysts for CO 2 reduction into hydrocarbons is still a great challenge. The majority of photocatalysts having wide band gap are active only under ultra-violet (UV) light irradiation [10] . In order to utilize the solar irradiation (comprising *47 % of visible range) effectively, visible light responsive photocatalytic systems have been investigated intensively [15, 16] . The advancement of visible light responsive photocatalysts with enhanced photo activity and selectivity, various techniques have been developed including doping with metals, non-metals and composite semiconductors on to TiO 2 [2, 7, 14, 17] . The purpose of coupling low band gap (more negative conduction band level) semiconductor to high band gap TiO 2 is the transfer of electrons from low band gap to high band gap semiconductors. Consequently, it bestows the absorption capacity of the mixed photocatalysts [7, 16, 18] .
Some conditions should be foisted to develop efficient visible light active photocatalysts for CO 2 reduction to methanol, like (i) increase the visible light absorption by decreasing the band gap [1] , (ii) efficient charge separation, (iii) shift the conduction band (CB) to more negative region than the standard potentials for CO 2 reduction reactions [1, 8, 19] . Moreover, these catalysts should be stable, inexpensive and non-toxic. Metal (Ca, Cu, Mg, Zn etc.) ferrite (MFe 2 O 4 ) as nanoparticles [20, 21] and TiO 2 are very promising visible light active photocatalysts that have been widely investigated for water purification and removal of different organic compounds from industrial wastewater [19, [22] [23] [24] . In addition, MFe 2 O 4 are typical spinel-type nanoparticles and possess lower band gap [1] . Recently, CuFe 2 O 4 has been studied as a novel catalyst for photocatalytic H 2 production [8, 25] 
Catalyst synthesis
The CuFe 2 O 4 photocatalyst was prepared through sol-gel method with slight modification of reaction conditions [1] . For the preparation of photocatalyst, Cu(NO 3 ) 2 Á3H 2 O and Fe(NO 3 ) 3 Á9H 2 O were dissolved in HNO 3 (65 %) in which 4 g of agar and 400 mL of water was added and retained for 3 h under continuous stirring at room temperature. Then the solution was heated with stirring at 90°C for 3 h. The gel formation was gradually preceded until a green gel was obtained, and then it was dried at 130°C under vacuum for 24 h. Finally, the powder was calcined at 900°C with a heating rate of 10°C/min for 14 h. To prepare CuFe 2 O 4 /TiO 2 photocatalyst, CuFe 2 O 4 was suspended into 50 mL distilled water followed by the addition of commercial TiO 2 at 1:1 weight ratio. Then, the suspended solution was ultrasonicated for 1 h. After the sonication process, the solution was dried overnight at 100°C. Afterward, the powder was grinded and calcined at 700°C for 3 h in tubular furnace under N 2 gas atmosphere.
Instrumentations
The XRD patterns were obtained at room temperature using Rigaku MiniFlex II at Bragg angle of 2h = 3-80°with a scan step of 0.02°for the sample powders. The measurements were performed at 30 kV and 15 mA using Cu K a emission and a nickel filter. The morphologies of the prepared photocatalysts were observed by scanning electron microscope (SEM) of the model JEOL JSM-5410LV (JEOL, Japan). Energy dispersive X-ray spectrometer (EDX) (5.0 kV) in connection with SEM was used to identify and analyze the elemental composition of photocatalysts. EDX patterns were also obtained using a JEOL JSM-7600, USA. UV-Vis spectra of the samples were obtained from Shimadzu UV 2600 UV-Vis-NIR spectrophotometer. Finally, the recombination rate of the photogenerated electron-hole pairs (e -/h ? ) was estimated using Perkin Elmer LS 55 Luminescence spectrophotometer.
The catalysts are separated by centrifuging at 10000 rpm for 5 min using Eppendorf centrifuge 5810 R. The crystallite size of the prepared photocatalysts were also determined from the XRD spectra and the size was calculated using the Scherrer formula given in Eq. 1 [26] :
In this case, D is the coherent scattering length (crystallite size), the width of a peak, B (in rad) is determined as full width at half-maximum (FWHM) by Gaussian fitting. Here, the X-ray wavelength of Cu-K a radiation source, k = 0.15418 nm and K is a constant related to crystallite shape whose value is approximately 0.9 [26] . Methanol was analyzed by using an Agilent gas chromatograph (GC) with a flame ionization detector (FID), and the investigation was performed with Shimadzu, column DB-WAX 123-7033 (30 m 9 0.32 mm, 0.50 lm) and injected with a 7694 E headspace auto sampler. All the experiments were performed at room temperature and atmospheric pressure.
Photocatalytic activity
The photocatalytic reduction of CO 2 was performed in a continuous-flow reactor system is presented in Fig. 1 . A reaction chamber was set up with a 500 W xenon lamp (light intensity 240 W/m 2 ) located in the middle of a quartz cool trap as a radiation source. NaNO 2 solution (2 M) was circulated through the quartz trap to cut ) located in the middle of a quartz cool trap as a radiation source for the photocatalytic conversion of CO 2 into methanol the UV light in the range of 320 and 400 nm [10, 27, 28] . First, KOH (1.2 gm) and absolute Na 2 S (3.78 gm) were dissolved in 300 mL distilled water [10, 28] . Before irradiation, ultrapure CO 2 was bubbled through the solution in the reactor for at least 1 h to ensure that all dissolved oxygen was eliminated and the pH of the solution was recorded as *5.9. Na 2 S played the role as a buffer. Catalyst (300 mg) was added to the solution to maintain the concentration of the catalyst at 1 g L -1 . Thereafter, the lamp was turned on to start the photoreaction. The CO 2 was continuously bubbled through the solution in the reactor during the whole irradiation (8 h). The liquid sample was withdrawn using the vacuum pump and centrifuged at 10,000 rpm for 5 min using Eppendorf centrifuge 5810 R. The supernatant was analyzed by GC-FID method as described in instrumentation section.
Results and discussion

XRD analysis
The phases and crystallite size of Intensity (a. u.)
2-theta (degree) Fig. 2 The XRD (X-ray diffraction) patterns of prepared photocatalysts: 
UV-Vis spectroscopy
The UV-Vis spectra of the as-prepared CuFe 2 O 4 (calcined at 900°C), CuFe 2 O 4 / TiO 2 (TiO 2 loading to CuFe 2 O 4 was 1:1 weight ratio and calcined at 700°C) and commercial TiO 2 (calcined at 700°C) in the wavelength range of 250-1400 nm are presented in Fig. 3a . It shows transparency for wavelengths above 400, 480, 1010 nm, which represent the visible light activity of the prepared photocatalysts. Plotting (aht) 2 versus ht (catalysts are presented as a direct transition) [29] based on the spectral response from Fig. 3a which gives the extrapolated intercept corresponding to the band gap energy value as shown in Fig. 3b. Fig. 3b illustrates the band gap of commercial TiO 2 (3.1 eV), and prepared CuFe 2 O 4 /TiO 2 (2.61 eV) and CuFe 2 O 4 (1.24 eV). The optical band gap energy of CuFe 2 O 4 /TiO 2 is 2.61 eV which also display lower value compared to TiO 2 (3.1 eV). Kezzim et al. [1] reported the band gap of CuFe 2 O 4 synthesized via sol-gel approach as 1.42 eV. Ahmed et al. [13] studied the suitable UV-Vis light region (300-430 nm) for the photocatalytic reduction of carbon dioxide into methanol. When a metal or composite is doped or loaded to the other composite, the previous band gap was shifted to a new band gap [2, 7] . Commercial TiO 2 can be used as an effective band gap modifier to absorb the light ranging under the visible light region [2, 7, 14] . In our prepared CuFe 2 O 4 /TiO 2 catalyst, the absorption edge of TiO 2 shifted from 400 to 480 nm due to the loading effect. A small shoulder exists at 350-367 nm as shown in Fig. 3a for the CuFe 2 O 4 /TiO 2 photocatalyst; it may be due to the interaction of TiO 2 with CuFe 2 O 4 .
Photoluminescence spectroscopy
The electron-hole (e -/h ? ) recombination process studied by photoluminescence spectroscopy. Fig. 4 EDX analysis Fig. 5a shows an EDX image and corresponding diffraction peaks that confirm the presence of Cu, Fe and O elements in the prepared CuFe 2 O 4 catalyst. At the same time, Ti was found as an additional element as shown in Fig. 5b . Therefore, the findings of the EDX support the hetero-structure of the catalyst that is correlated with the XRD patterns [28] . In addition, both of the images confirm the presence of some unwanted phases, e.g., Pt and C. The provable source of Pt and C were the coating and carbon paper respectively that were used during EDX analysis. Fig. 6 . The BET method is widely used for measuring the specific surface area of catalyst. Fig. 6 
SEM analysis
The morphologies of the photocatalysts were observed by SEM as shown in Figs. 7a and 7b. The micrograph of CuFe 2 O 4 prepared by sol-gel method was formed from fine spherical particles with a uniform distribution and well defined natural crystalline faces in Fig. 7a. Fig. 7a represents the particle agglomeration of CuFe 2 O 4 and the CuFe 2 O 4 particles were almost spherical, and the size was much less than 10 lm to several hundred nanometers [1, 10] . It can also be seen clearly from Fig. 7b that TiO 2 loaded on the spherical CuFe 2 O 4 possesses flocculent shape with a diameter of 1-10 lm.
Photocatalytic reduction of CO 2
The photocatalytic reduction of CO 2 and successive formation of methanol was investigated over a period of 8 h irradiation on CuFe 2 O 4 /TiO 2 and CuFe 2 O 4 photocatalysts as shown in Fig. 8 . The experimental result showed the methanol as the main product achieved in the liquid phase. Hydrogen, CO, formaldehyde, ethane and ethylene could also be formed according to the reports in the literature [10, 13, 30] , but they were undetectable in our case. Fig. 8 depicts that the highest methanol yield (651 lmol/g cat L) was obtained for CuFe 2 O 4 /TiO 2 photocatalyst, compare to that of (220 lmol/g cat ) CuFe 2 O 4 after 8 h of reaction. A slight decline of the catalyst activity after 6 h of reaction, both catalysts indicated the unavailability of the active sites or the deactivation of the catalyst. In order to improve the yield, the catalyst dose in the reaction was increased by three times (each time 1 g/L) and the reaction was conducted for 20 h (Fig. 9 ) and to our surprise, the methanol yield increased by *34 % compared to the 3 g/L catalyst dose. The initial rate of methanol production for the 3 g/L catalyst dose is almost 1.6 % higher than the 1 g/L catalyst dose which is expected as due to the availability of the active sites. However, after 6 h of reaction for both doses, the methanol yield reached almost a plateau indication the exhaustion of the active sites. In order to increase the methanol yield, the catalyst dose was increased with a stepwise addition of catalyst at every 6 h. As seen in Fig. 9 , with every addition of the fresh catalyst the methanol yield increased in the same way and at the end of 20 h of reaction, a methanol yield of 1640 lmol/g cat L was achieved with a catalyst dose of 3 g/L. The methanol production was increased in stepwise addition due to the increasing of new active catalyst surfaces, contributed through the adding of fresh catalyst. The study shows that the methanol yield can be increased with stepwise addition of the catalyst. Time (h) [33] .
The mechanism of methanol formation over prepared CuFe 2 O 4 and CuFe 2 O 4 / TiO 2 photocatalysts are shown in Fig. 10 . At pH *5.9, CO 2 may exist as dissolved CO 2 and HCO À 3 , but the predominant species is the dissolved CO 2 . The reduction of CO 2 (reaction 2) on the surface of the catalyst can occur by the following reaction:
As shown in Fig. 10 , the reduction potential of the above reaction falls in between the VB and CB of both CuFe 2 O 4 and CuFe 2 O 4 /TiO 2 suggesting that the reaction can occur on both photocatalysts [10, 34] . Comparing the band gap, CuFe 2 O 4 (1.24 eV) is more visible light active than the TiO 2 (3.1 eV). According to the standard reaction potential (E 0 ox = -0.38 V), the rate of methanol formation alone on CuFe 2 O 4 is low due to the large difference between the potential of the CB (-1.03 V) of CuFe 2 O 4 and the redox couple (-0.38 V). Under visible light, excited e -will be moved from VB to CB of CuFe 2 O 4 whereas CB (-1.03 V) edge of CuFe 2 O 4 is higher than that of the TiO 2 CB (-0.97 V), the excited e -can be easily Fig. 10 The mechanism of methanol formation over prepared Fig. 4 . Therefore, CuFe 2 O 4 /TiO 2 heterostructure can promote the charge pair separation and prolong the recombination of electron-hole pairs resulting in higher CO 2 reduction efficiency.
Conclusions
The photocatalytic reduction of CO 2 
